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SUMMARY

This document is the final technical report for contract NASW-96008,

"Development of a Focussing Hard X-ray Telescope". The period of performance of the

contract was from June 17, 1996 to June 16, 1997.

This contract was the most recent phase of an ongoing program at Radiation

Science supported by NASA. The overall objective of this program is the construction of a

focussing hard X-ray telescope.

The tasks to be accomplished under this contract included:

1. verify by optical measurement that CN coatings reduce the surface roughness of highly

polished silicon carbide and sapphire optical surfaces;

2. generate electroformed nickel replicas of these master surfaces;

3. evaluate the quality by optical measurements and X-ray scattering tests of both: (a) the

CN coated masters, and (b) the replicas electroformed on the masters;

4. deposit multilayers on both the replicas and a master which has been coated with a

release agent;

5. measure the quality of the multilayer surfaces by optical and X-ray tests;

6. (a) generate a nickel replica of the multilayer coated master, (b) separate the multilayer

from the master between the master surface and the multilayer; and,

7. measure the quality of the multilayer coated replica produced in task 6.

All of these tasks were completed successfully. Tasks 1 through 6(a) were

completed within the period of performance of the contract. Tasks 6(b) and 7 were

accomplished after the termination date of this contract by our collaborators at

Northwestern University with the assistance of Radiation Science personnel at no cost to

this contract.

We were able to generate replicated surfaces with arc-second range hard X-ray

scattering properties. We were able to reflect 15, 30, and 45 keV X-rays from multilayer

coatings on thin foils. We were able to separate a multilayer coating deposited directly

on a master surface from the surface after electroforming a supporting structure without

damaging either the multilayer or the master surface. These developments open the door

for the fabrication of a Wolter type I hard X-ray telescope. We conclude that the

development of such a telescope should proceed.



INTRODUCTION

This document is the final technical report for contract NASW-96008,

"Development of a Focussing Hard X-ray Telescope". Submission of this report has been

delayed because the final technical task in the Statement of Work was completed atter the

expiration of the period of performance. This contract was the most recent phase of an

ongoing program at Radiation Science supported by NASA. The overall objective of this

program is the construction of a focussing hard X-ray telescope having the spatial

resolution and sensitivity to perform useful measurements of solar flares and micro-flares.

The objective of this contract was to verify that a Wolter type I grazing incidence

telescope for high resolution, hard X-ray imaging of solar flares can be manufactured

within the present state of the art.

It is now well known that hard X-rays can be focussed by using diffraction

phenomena to deflect their optical paths. The most versatile way to do this is to use

multilayer diffractors in grazing incidence. One can use many of the techniques developed

for focussing soft X-rays with grazing incidence optics. Several groups are pursuing this

effort for celestial X-ray astronomy. At this time, the construction of a multilayer coated

Kirkpatrick-Baez (KB) style hard X-ray telescope is within the state of the art. The

requirements of solar flare physics would not be satisfied by a KB device. The Wolter

style optics which previously dominated high resolution soft X-ray solar imaging, have

higher resolution, greater geometrical collecting area for a given focal length, and higher

efficiency than KB optics.

There were potential practical difficulties which we have investigated as

preparation for the design of a Wolter I hard X-ray telescope for solar flares. In order to

maximize the collecting area of such a telescope, it is necessary to nest coaxial reflecting

elements as closely as possible. This implies that the figured substrates upon which the

multilayers are deposited should be as thin as possible. In general, the thickness of the

walls of a Wolter telescope is governed by the necessity to withstand polishing loads. This

thickness is much greater than that required to maintain the figure of the telescope in a

micro-gravity environment. The wall thickness can be minimized by decoupling polishing

from the flight optics, i.e. the substrates for the flight optics should be replicas of the

polished surfaces. This requires a significant advance in the surface smoothness of replica

optics for two reasons. It is obviously necessary to minimize the intensity and angular

spread of the radiation scattered from the reflecting surface. In addition, the reflectivity of

a multilayer coating is a function of the smoothness of the surface on which the coating is

deposited. This contract was devoted to investigating techniques for producing low

scatter, multilayer coated, replicated optics.

One might think that to make such a telescope, we would have to deposit

multilayers on the inside of the replicated mirrors after the mirrors are separated from the

highly polished solid cylindrical mandrels from which they are replicated. There are

several drawbacks to this approach. The replicated surfaces, on which the multilayers



wouldbedepositedareusuallyless smooth than the masters, and the need to accomodate

a sputtering gun inside the optic sets a very serious limit on the minimum radius of the

optic and hence, on the minimum focal length.

There is another technique that avoids these difficulties. In the work reported

here, we determined that it is possible to deposit multilayer coatings on a master surface,

electro-deposit the foil structure on top of the multilayer, and then separate the multilayer

coated mirror from the master without destroying either the multilayer or the master

surfaces. If this technique can be reproduced with cylindrical masters, it eliminates the

problems associated with the inside deposition technique.

This project was performed in collaboration with Northwestern University. The

group at Northwestern is among the world leaders in the production of low scatter replica

optics. They provided test specimens under subcontract to Radiation Science. This work

was an extension of efforts that the Northwestern group is performing under grant from

the High Energy Astrophysics SR&T program. In addition, Dr. Peter Takacs of

Brookhaven National Laboratory (BNL) measured the quality of some of the surfaces that

we produced. His work was performed with no exchange of funds between Radiation

Science and BNL.

The tasks to be accomplished under this contract included:

1. verify by optical measurement that CN coatings reduce the surface roughness of highly

polished silicon carbide and sapphire optical surfaces;

2. generate electroformed nickel replicas of these master surfaces;

3. evaluate the quality by optical measurements and X-ray scattering tests of both: (a) the

CN coated masters, and (b) the replicas electroformed on the masters;

4. deposit multilayers on both the replicas and a master which has been coated with a

release agent;

5. measure the quality of the muitilayer surfaces by optical and X-ray tests;

6. (a) generate a nickel replica of the multilayer coated master, (b) separate the multilayer

from the master between the master surface and the multilayer; and,

7. measure the quality of the multilayer coated replica produced in task 6.

All of these tasks were completed successfully. Tasks 1 through 6(a) were

completed within the period of performance of the contract. Tasks 6(b) and 7 were

accomplished after the termination date of this contract by our collaborators at

Northwestern University with the assistance of Radiation Science personnel at no cost to

this contract.

We measured the hard X-ray reflection efficiency and scattering width of the

master surfaces, of electroformed replicas of these surfaces, and of multilayers deposited

on both the masters and the electroforms. The X-ray measurements were made at the

Advanced Photon Source at Argonne National Laboratory. Our final measurement

proved the validity of our approach. Figure 1 (placed after the text) shows hard X-ray

reflection at both 10 and 30 keV from a multilayer coated on a fiat master surface and then

separated from the master after the deposition of an electroformed support structure on



top of themultilayer. This figuredemonstratesthesuccessof thisprogram. Theseresults
werepresentedat theJune,1997AAS meetingandat theJuly1997SPIEmeeting.

If theseresultsholdtruefor cylindricallysymmetricsurfaces,wewill beableto
deposita depthgradedmultilayerdiffractingfilm on theoutside surface of a very smooth

solid cylindrically symmetric mandrel instead of on a replica of that surface. In addition to

generating a smoother surface, this technique has other advantages. It should be easier to

deposit uniform multilayer coatings on the outside of a cylinder than it is to deposit them

on the inside of the cylinder. In addition, the minimum radius of the telescope elements

will not be constrained by the requirement to fit a sputtering mechanism inside the

cylindrical telescope. This means that we can use a shorter focal length for our mirrors

thereby reducing the size, weight and moment of inertia of the telescope.

Progress reports have been submitted covering the first three quarters of the

contract. Those progress reports are attached to this document. The work conducted

during the fourth quarter of the contract, and subsequently, was reported at the AAS and

SPIE meetings. Written texts of the SPIE presentations are attached to this document.
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Quartedy Progress Report
NASW-96008

17 June 1996 to 16 September 1996

DEVELOPMENT OF A FOCUSSING HARD X-RAY TELESCOPE

Radiation Science, Inc.

P. O. Box 293

Belmont, MA 02178-0002

This report covers progress during the first quarter of this contract. Much of the

work during this period was devoted to initiating the collaboration between Radiation

Science, Inc. and Northwestern University. In addition, effort was devoted to an

examination of Radiation Science's multilayer design and analysis code.

INTRODUCTION

The overall objective of this contract is to verify that a Wolter type I grazing

incidence telescope for hard X-rays from solar flares can be manufactured within the

present state of the art. It is now well known that hard X-rays can be focussed by using

diffraction phenomena to bend their optical paths. The most versatile way to do this is to

use multilayer diffractors in grazing incidence. One can use many of the techniques

developed for focussing soft X-rays with grazing incidence optics. At this time, the

construction ofa multilayer coated Kirkpatrick-Baez (KB) style telescope is within the

state of the art. Several groups are pursuing this effort for celestial X-ray astronomy. The

requirements of solar flare physics would not be satisfied by these devices. The Wolter

optics which previously dominated high resolution sot_ X-ray solar imaging, have higher

resolution, greater geometrical collecting area for a given focal length, and higher

efficiency than KB optics.

There are practical difficulties which we are investigating as preparation for the

design of a Wolter I hard X-ray telescope for solar flares. In order to maximize the

collecting area of such a telescope, it is necessary to nest coaxial reflecting elements as

closely as possible. This implies that the figured substrates upon which the multilayers are

deposited should be as thin as possible. In general, the thickness of the walls of a Wolter

telescope is governed by the necessity to withstand polishing loads. This thickness is

much greater than that required to maintain the figure of the telescope in a micro-gravity

environment. The wall thickness can be minimized by decoupling polishing from the flight

optics, i.e. the flight optics should be replicas of the polished surfaces. This requires a

significant advance in the angular resolution of replica optics. It is necessary to reduce the

intensity and angular spread of the radiation scattered from the reflecting surface. This

project is devoted to investigating techniques for producing low scatter replicated optics.



PROJECTDEFINITION

Thisprojectisbeingperformedin collaborationwithNorthwesternUniversity.
Thegroupat Northwestern is among the world leaders in the production of low scatter

replica optics. They will provide the test specimens under a subcontract with Radiation
Science. This work will be an extension to the efforts that the Northwestern group will be

performing under a grant from the High Energy Astrophysics SR&T program. In

addition, Dr. Peter Takacs at Brookhaven National Laboratory has agreed to measure the

quality of some of the surfaces that we will produce. His work will be performed with no

exchange of funds between Radiation Science and BNL.

The initial task during this quarter was the development of specific objectives for

this project, and the definition of the work to be performed by the various participants.

The objectives include:

1. verify by optical measurement that CN coatings reduce the surface roughness of highly

polished silicon carbide and sapphire optical surfaces;

2. generate electroformed nickel replicas of the these master surfaces;

3. evaluate the quality of both the CN coated masters and the replicas electroformed on

the masters by optical measurements and X-ray scattering tests;

4. deposit multilayers on both the replicas and a master which has been coated with a

release agent;

5. measure the quality of the multilayer surfaces by optical and X-ray tests;

6. generate a nickel replica of the multilayer coated master, and separate from the master

between the master surface and the multilayer; and,

7. measure the quality of the multilayer (and release agent) coated replica produced in

task 6.

REPLICATION

The group at Northwestern University has reactivated their electroforming setup.

In addition, they have prepared to coat one inch diameter, highly polished, ceramic

masters with CN. The surfaces of the CN masters will undergo optical inspection in the

near future. X-ray tests of both the masters and electroformed replicas are scheduled for

December and January.

MULTILAYER DESIGN

Northwestern and Radiation Science have discussed the characteristics of the

multilayers and the release agent to be deposited on the masters.

It is necessary to coat the master surface prior to electroforming with a release

agent which will facilitate separation of the replica from the master. Normally, the release

agent would be gold. In this case, however, the release agent is not the X-ray reflecting

surface. Instead, the X-rays will be reflected by the multilayer coating below (from the

standpoint of an incoming X-ray) the release agent. The release agent should therefore be

as transmissive as possible. We have tentatively agreed to try nickel.



We havealsodevotedsomethoughtto thedesignof the multilayercoating,itself.
Theidealmultilayercoatingfor ahardX-raytelescopeisadepthgradedmultilayerwith
longerperiodbilayersatthetop to reflectlow energy X-rays and shorter period bilayers

below to reflect higher energy X-rays. In this case, however, we will be reflecting X-rays

from both sides of the same multilayer coatings (in steps 5 and 7). Therefore, the

multilayer coatings must be symmetric. There are two ways that this could be

accomplished. We could use a constant period multilayer. This has the virtue of

simplicity, but a constant period multilayer will reflect X-rays of a given energy at only

one angle. Finding that angle, during X-ray testing may be time consuming. It also adds

another source of uncertainty to the measurements. Consequently, we are also

considering the design of a multilayer whose periods are symmetric about the center of the

coating.

In addition, we have begun to reassess our choice of materials for the multilayer

coating. In the past, we have compared the predicted X-ray reflectivity of W:Si

multilayers with that ofNi:C multilayers. W:Si multilayers have always looked better than

Ni:C in our analyses. A recent re-examination of the reflection data that we obtained

with the same multilayer at 37 and 45 keV at Brookhaven National Laboratory has

indicated the presence of an anomaly in the comparison of these results at constant Esine

with our models. This could be attributed to an error in the way that absorption is treated

in our code. If so, we will reconsider the tradeoff between W:Si and Ni:C.

SECOND QUARTER PLAN

During the second quarter of the period of performance of this contract, 9/17/96 to

12/16/96, replication activity will include inspection of the CN coated master and the

production of the initial replicas so that X-ray testing can begin at the start of the third

quarter. Tests will be conducted to demonstrate stability of the CN coating with

electroless nickel and in the liquid nitrogen used to separate the master from the replica.

These will include both optical inspection and AFM microscopy in order to characterize

surface roughness at the spatial frequencies that scatter X-rays. The initial replicas will be

produced after these tests. The replicas will also be examined both by Nomarski and by

AFM microscopy.

At this writing, a review of the treatment of absorption in the Radiation Science

multilayer reflectivity code is in progress. If necessary, we will modify the code and

reassess the multilayer materials prior to the design of the multilayer. We believe that the

multilayer coating design will still be available prior to multilayer deposition in the third

quarter of the contract. In addition, we have commenced talks with the operators of the

synchrotron beam line at Argonne National Laboratory that we intend to use for the X-ray
tests. We have found this to be an important means of saving time and effort at the

synchrotron.

At this time the program appears to be on schedule. By the end of the second

quarter, we expect to have finished the first three tasks in our program plan with tasks



four and five in progress. There may be some additional, unbudgeted, effort in design of

the multilayer coatings, but this should be accommodated without perturbing the schedule

and within the available resources.



QuarterlyProgressReport
NASW-96008

17September1996to 16December1996

DEVELOPMENTOFA FOCUSSING HARD X-RAY TELESCOPE

Radiation Science, Inc.

P. O. Box 293

Belmont, MA 02178-0002

This report covers progress during the second quarter of this contract. Much of

the work during this period was devoted to preparing the facilities at Northwestern

University for the production of the smooth masters for measurement and multilayer

deposition. Effort at Radiation Science was hindered by the loss of the services of the

principal investigator for the final month of this quarter due to illness. Prior to his illness

the PI completed the modifications to the multilayer analysis code required for accurate

results at energies where the absorption term in the index of refraction is significant.

INTRODUCTION

The overall objective of this contract is to verify that a Wolter type I grazing

incidence telescope for hard X-rays from solar flares can be manufactured within the

present state of the art. It is now well known that hard X-rays can be focussed by using

diffraction phenomena to bend their optical paths. The most versatile way to do this is to

use multilayer diffractors in grazing incidence. One can use many of the techniques

developed for focussing sott X-rays with grazing incidence optics. At this time, the

construction of a multilayer coated Kirkpatrick-Baez (KB) style telescope is within the

state of the art. Several groups are pursuing this effort for celestial X-ray astronomy. The

requirements of solar flare physics would not be satisfied by these devices. The Wolter

optics which previously dominated high resolution soft X-ray solar imaging, have higher

resolution, greater geometrical collecting area for a given focal length, and higher

efficiency than KB optics.

There are practical difficulties which we are investigating as preparation for the

design of a Wolter I hard X-ray telescope for solar flares. In order to maximize the

collecting area of such a telescope, it is necessary to nest coaxial reflecting elements as

closely as possible. This implies that the figured substrates upon which the multilayers are

deposited should be as thin as possible. In general, the thickness of the walls ofa Wolter

telescope is governed by the necessity to withstand polishing loads. This thickness is

much greater than that required to maintain the figure of the telescope in a micro-gravity

environment. The wall thickness can be minimized by decoupling polishing from the flight

optics, i.e. the flight optics should be replicas of the polished surfaces. This requires a

significant advance in the angular resolution of replica optics. It is necessary to reduce the

intensity and angular spread of the radiation scattered from the reflecting surface. This

project is devoted to investigating techniques for producing low scatter replicated optics.



Thisprojectisbeingperformedin collaborationwithNorthwesternUniversity.
ThegroupatNorthwesternisamongtheworld leadersin theproductionof low scatter
replicaoptics. Theywill providethetestspecimensunderasubcontractwith Radiation
Science.Thiswork will beanextensionto theeffortsthattheNorthwesterngroupwill be
performingunderagrantfromtheHigh EnergyAstrophysicsSR&T program. In
addition,Dr. PeterTakacsat BrookhavenNationalLaboratoryhasagreedto measurethe
qualityof someof thesurfacesthatwewill produce.His work will beperformedwith no
exchangeof fundsbetweenRadiationScienceandBNL.

Thetasksto beaccomplishedunderthiscontractinclude:
1. verifyby opticalmeasurementthatCN coatingsreducethesurfaceroughnessof highly

polishedsiliconcarbideandsapphireopticalsurfaces;
2. generateelectroformednickelreplicasof thethesemastersurfaces;
3. evaluatethequalityof boththeCN coatedmastersandthereplicaselectroformedon

themastersby opticalmeasurementsandX-ray scatteringtests;
4. depositmultilayerson both the replicas and a master which has been coated with a

release agent;

5. measure the quality of the multilayer surfaces by optical and X-ray tests;

6. generate a nickel replica of the multilayer coated master, and separate from the master

between the master surface and the multilayer; and,

7. measure the quality of the multilayer (and release agent) coated replica produced in

task 6.

Task 1 is complete. Tasks 2 and 3 are in progress. The design of the multilayers to

be deposited in task 4 is also in progress.

REPLICATION

During the previous quarter, the group at Northwestern University reactivated

their electroforming setup. Unfortunately, the actual use of the system was delayed by

the need to obtain certification of the safety of the system by the university. The

certification was obtained at the start of the third quarter.

Prior to replication, the highly polished ceramic masters are coated with ZrN

and/or CN. This coating is expected to smooth the surface of the master and to make the

surface more durable. The first ceramic masters to undergo this treatment were examined

both optically and by Atomic Force Microscope at Brookhaven National Laboratory

(BNL). The results were encouraging. The AFM demonstrated that the coating had

reduced the amplitude of the high spatial frequency ( freq. > 10 l.tm "l) fluctuations in the

surface and had probably reduced the amplitudes and increased the slope at intermediate

frequencies (10 "t < freq. < 10 _tm "1).

The X-ray measurements were also initiated during this quarter. The masters that

had been scanned at BNL were taken to the Advanced Photon Source at Argonne



NationalLaboratory. Becauseof illness,thePrincipalInvestigatorwasunableto
participatein this trip. RadiationScience'sexperiencedconsultantfor suchmeasurements
wasalsounavailable.As aconsequence,thesetupof theexperimentmighthavetaken
longerthanit wouldhaveif thePI or our consultanthadbeenpresent.TheX-ray
reflectivityof themasterswasmeasured,but scatteringprofileswerenot obtained.The
participantsfrom Northwesternandfrom thebeamlinegainedvaluableexperiencewhich
will facilitatethenext roundof measurements.

It is necessary to coat the master surface with a release agent which will facilitate

separation of the replica from the master. Normally, the release agent would be gold. In

this case, however, the release agent is not the X-ray reflecting surface. Instead, the X-

rays will be reflected by the multilayer coating below (from the standpoint of an incoming

X-ray) the release agent. The reflected X-rays will pass through the release agent twice.

The release agent should therefore be as transmissive as possible. We decided to use an

evaporated layer of nickel as the release agent. This required a modification to the "boat"

used to hold the material to be evaporated. The modification was completed during this

period.

MULTILAYER DESIGN

During the first quarter of this program, We devoted some thought to the design

of the multilayer coating, itself. The ideal multilayer coating for a hard X-ray telescope is

a depth graded multilayer with longer period bilayers at the top to reflect low energy X-

rays and shorter period bilayers below to reflect higher energy X-rays. In this case,

however, we will be reflecting X-rays from both sides of the same multilayer coatings (in

tasks 5 and 7, respectively). Therefore, the multilayer coatings must be symmetric. There

are two ways that this could be accomplished. We could use a constant period multilayer.

This has the virtue of simplicity, but a constant period multilayer will reflect X-rays of a

given energy at only one angle. Finding that angle, during the setup phase of the X-ray

testing may be time consuming. It also adds another source of uncertainty to the

measurements. Consequently, we are also considering the design of a depth graded

multilayer whose periods are symmetric about the center of the coating.

In addition, we have begun to reassess our choice of materials for the multilayer

coating. In the past, we have compared the predicted X-ray reflectivity of W: Si

multilayers with that ofNi:C multilayers. W: Si multilayers have always looked better than

Ni:C in our analyses. A re-examination of the reflection data that we obtained at

Brookhaven National Laboratory indicated the possibility of an error in the way that

absorption is treated in our code. During this quarter we determined that the error was

not significant at 37 or 45 keV. Because these mirrors will be tested at energies as low as

8 keV, the multilayer reflectivity code was modified and the modification was tested.

Comparison of predicted reflectivities for W: Si multilayers and Ni:C multilayers was

initiated but not completed.



THIRD QUARTER PLAN

During the third quarter of the period of performance of this contract, 12/17/96 to

3/16/97, replication activity will include the production of the initial replicas so that their

X-ray testing can begin in the third quarter. The tests will include both optical inspection

and AFM microscopy in order to characterize surface roughness at the spatial frequencies

that scatter X-rays.

We will use the modified multilayer reflection code to reassess the multilayer

materials prior to the design of the multilayer. The multilayer coating design will still be

available prior to multilayer deposition.

At this time the program appears to be approximately three weeks behind

schedule. By the end of the third quarter, we expect to have finished the first three tasks

in our program plan with tasks four and five in progress. There will be some additional,

unbudgeted, effort in design of the multilayer coatings, but this should be accommodated

without perturbing the schedule and within the available resources.



QuarterlyProgressReport
NASW-96008

17December1996to 16March1997
Revised 29 June 1997

DEVELOPMENT OF A FOCUSSING HARD X-RAY TELESCOPE

Radiation Science, Inc.

P. O. Box 293

Belmont, MA 02178-0002

This report covers progress during the third quarter of this contract. Work during

this period was devoted to the production of smooth master surfaces and surface quality

measurements prior to multilayer deposition. In addition to AFM and optical

measurements, we made X-ray scattering measurements at the Advanced Photon Source

at 15 and 45 keV of one master surface. The X-ray measurements are under analysis at

this time. We completed om analytical investigation of the differences in the reflection

profiles of Ni:C and W: Si multilayers at various energies. This led to the selection of a

W:Si multilayer for our X-ray tests. We also completed our measurements of the

adhesion of multilayer coatings to electroformed surfaces. We are preparing a paper for

the annual SPIE meeting on X-ray optics, describing our technique for producing

multilayer coatings on the insides of cylindrical elements. In addition, the results of a

comparison between the optical and X-ray scattering measurements and their implications

will be presented in a paper at the SPIE meeting.

INTRODUCTION

The overall objective of this contract is to verify that a Wolter type I grazing

incidence telescope for high resolution, hard X-ray imaging of solar flares can be

manufactured within the present state of the art. It is now well known that hard X-rays

can be focussed by using diffraction phenomena to bend their optical paths. The most

versatile way to do this is to use multilayer diffraetors in grazing incidence. One can use

many of the techniques developed for focussing soft X-rays with grazing incidence optics.

At this time, the construction of a multilayer coated Kirkpatrick-Baez (KB) style hard X-

ray telescope is within the state of the art. Several groups are pursuing this effort for

celestial X-ray astronomy. The requirements of solar flare physics would not be satisfied

by these devices. The Wolter optics which previously dominated high resolution sott X-

ray solar imaging, have higher resolution, greater geometrical collecting area for a given

focal length, and higher efficiency than KB optics.

There are practical difficulties which we are investigating as preparation for the

design of a Wolter I hard X-ray telescope for solar flares. In order to maximize the

collecting area of such a telescope, it is necessary to nest coaxial reflecting elements as

closely as possible. This implies that the figured substrates upon which the multilayers are

deposited should be as thin as possible. In general, the thickness of the walls ofa Wolter



telescopeisgovernedbythenecessityto withstandpolishingloads. This thicknessis
muchgreaterthanthatrequiredto maintainthefigureof thetelescopein a micro-gravity
environment.Thewall thicknesscanbeminimizedbydecouplingpolishingfrom theflight
optics,i.e.the flight opticsshouldbereplicasof thepolishedsurfaces.Thisrequiresa
significantadvancein theangularresolutionof replicaoptics. It isnecessaryto reducethe
intensityandangularspreadof theradiationscatteredfrom thereflectingsurface.This
projectis devotedto investigatingtechniquesfor producinglow scatterreplicatedoptics.

Thisprojectisbeingperformedin collaborationwith NorthwesternUniversity.
Thegroupat Northwesternis amongtheworld leadersin theproductionof low scatter
replicaoptics. Theywill providethetestspecimensundera subcontractwith Radiation
Science.Thiswork will beanextensionto theeffortsthattheNorthwestemgroupwill be
performingundera grantfrom the High Energy Astrophysics SR&T program. In

addition, Dr. Peter Takacs at Brookhaven National Laboratory (BNL) has agreed to

measure the quality of some of the surfaces that we produce. His work is performed with

no exchange of funds between Radiation Science and BNL.

The tasks to be accomplished under this contract include:

1. verify by optical measurement that CN coatings reduce the surface roughness of highly

polished silicon carbide and sapphire optical surfaces;

2. generate electroformed nickel replicas of these master surfaces;

3. evaluate the quality by optical measurements and X-ray scattering tests of both: (a) the

CN coated masters, and (b) the replicas electroformed on the masters;

4. deposit multilayers on both the replicas and a master which has been coated with a

release agent;

5. measure the quality of the multilayer surfaces by optical and X-ray tests;

6. generate a nickel replica of the multilayer coated master, and separate from the master

between the master surface and the multilayer; and,

7. measure the quality of the multilayer (and release agent) coated replica produced in

task 6.

Task 1 is complete. Task 3A, the characterization of the master surfaces is

complete. Tasks 2, 3B, and 4 are in progress. Tasks 5 and 6 have been scheduled for the

fourth quarter.

REPLICATION STUDIES

During the first quarter of this contract, the group at Northwestern University

reactivated their electroforming setup. Unfortunately, the actual use of the system was

delayed by the need to obtain certification of the safety of the system. The certification

was obtained at the start of this quarter. Work this quarter has been devoted to the

optimization of the replication process. This work was completed at the beginning of the

fourth quarter and replication of the smooth surfaces has begun.



X-RAY SCATTERINGMEASUREMENTS

SuccessfulX-raymeasurementsof surfacescatterfrom asmoothmasterwhichhad
beencharacterizedat BNL wereaccomplishedduringthisquarter. The masters that had
been scanned at BNL were taken to the DND-CAT beamline of the Advanced Photon

Source at Argonne National Laboratory. The beamline monochromator provided a 15

keV beam with a significant amount of energy at 45 keV and some energy at 30 keV. An

adjustable width tantulum slit was used to define the input beam. It was set to its

minimum width of about 2 microns. The sample height could be adjusted with an

indicated precision (NOT accuracy) of one micron. The sample rotation angle could be

adjusted with an indicated precision of 0.001 degree. The detector position was

independent of the sample angle. Another adjustable slit set was used as the detector

aperture. Although the width of this slit could be set to an indicated precision of 0.5

microns, irregularities in the edges of the slit jaws and uncertainty in the parallelism of the

two jaws reduced the actual precision of the slit width an estimated value of one micron.

The height of the detector aperture, was controlled with an indicated precision of one

micron. The horizontal distance between the sample rotation axis and the detector slit was

3,581.5 + 0.5 mm. If the accuracy of all the position measuring systems had been equal to

their indicated precisions, this would imply a resolution in the scattering profile of 0.06

seconds of arc. Of course, this was not the case. We estimate that the actual limiting

resolution of scattering profiles measured with this system would be a few tenths of an arc
second.

ANaI scintillator attached to a single channel discriminator allowed us to

distinguish the 15 keV beam from the higher harmonics. We measured the profile of the

scattering around the specularly reflected beam at both 15 and 45 keV at grazing angles

below the respective critical angles for total external reflection. The 30 keV beam (which

shouldn't exist at all, theoretically) was too weak for measurement during the time
allotted.

If the spatial frequency spectrum ofa specularly reflecting surface is known, it

should be possible to predict the scattering profile of that surface as a function of the

energy of the reflected radiation. Previous attempts to do this have not been completely

successful. This has been attributed to incomplete knowledge of the profile of the

scattering surface. Because of the general interest in X-ray scattering from highly polished

surfaces for astronomy, materials science, synchrotron radiation studies, and X-ray

lithography, our surfaces have been characterized as well as possible at this time by expert

metrologists. The very short wavelength, and the high precision of our measurements,

make this a unique test of scattering theory. These results will be presented at the July

1997, annual meeting of SPIE.

RELEASE TESTS



It is necessaryto coat themastersurfacewith areleaseagentto facilitate
separationof thereplicafromthemaster.For softX-raygrazingincidenceoptics,the
releaseagentis a5001|layerof goldevaporatedon thesurfaceof themandrel.After
separatingthereplicafromthemandrel,thegold layerbecomestheX-ray reflecting
surface.In this case,however,thereleaseagentis not theX-ray reflectingsurface.
Instead,the X-rayswill bereflectedbythemultilayercoatingbelow(from thestandpoint
of anincomingX-ray) thereleaseagent.ThereflectedX-rayswill passthroughthe
releaseagenttwice. Thereleaseagentshouldthereforebeastransmissiveaspossible.

We decidedto useanevaporatedlayerof nickelasthereleaseagent. W:Si
multilayers,onlya few layersthick,weredepositedonsmall(about2cm) masterswhich
hadbeencoatedwith eitheranevaporatedgold layer,or anevaporatednickellayer. Some
of the substratesfor thenickelevaporationrunhadbeenheldat hightemperatureduring
evaporation,whileothershadbeenkeptcool. We foundthat themultilayersadhered
betterto thenickelwhichhadbeenevaporatedon thecoolsubstratethanon thehot
substratesamples.Thismightbeexplained,if weassumethatthenickelon theuncooled
substratereachedits fusiontemperatureandthencrystallizedwhenit cooled,while the
nickeldepositedon thecooledsubstrateneverreachedits fusiontemperatureand
thereforeremainedamorphous.

MULTILAYER DESIGN

The ideal multilayer coating for a hard X-ray telescope is a depth graded

multilayer with longer period bilayers at the top to reflect lower energy X-rays and shorter

period bilayers below to reflect higher energy X-rays. In this case, however, we will be

reflecting X-rays from both sides of the same multilayer coatings (in tasks 5 and 7,

respectively). Therefore, the multilayer coatings must be symmetric. There are two ways

that this could be accomplished. We could use a constant period multilayer. This has the

virtue of simplicity, but a constant period multilayer will reflect X-rays of a given energy

at only one angle. Finding that angle, during the setup phase of X-ray testing at a

synchrotron beamline can be time consuming. It also adds another source of uncertainty

to the measurements. Consequently, we also considered the design of a depth graded

multilayer whose periods are symmetric about the center of the coating. But, in this case,

the X-rays are actually reflected by two distinct multilayers, which would differ because of

the (+ 1 or 2% per layer) imprecision of the deposition process. We ultimately concluded

that our results would more accurately demonstrate the effect of replication and separation

if we used a constant period multilayer with a 500 Angstrom nickel coating on either side.

In addition, we have begun to reassess our choice of materials for the multilayer

coating. In the past, we have compared the predicted X-ray reflectivity of W: Si

multilayers with that ofNi:C multilayers. W:Si multilayers have always looked better than

Ni:C in our analyses. A re-examination of the reflection data that we had obtained at

Brookhaven National Laboratory under our previous contract indicated the possibility of

an error in the way that absorption was treated in our multilayer analysis code. During

this quarter we determined that the error was not significant at 37 or 45 keV, where we



hadpreviouslymeasured,but thatabsorptionmightbesignificantat lower energies.We
hadoriginallyintendedto measurethesemirrorsat energiesaslow as8 keV. The

multilayer reflectivity code was modified. Comparison of predicted reflectivities for W: Si

multilayers and Ni:C multilayers indicated that absorption could be neglected at energies

above about 20 keV. Our present plan calls for measurements of the multilayer coated

surfaces at 25 keV. Accordingly, we have ordered W:Si multilayers manufactured with

the same techniques we have used previously.

FOURTH QUARTER PLAN

During the fourth quarter of the period of performance of this contract, 3/17/96 to

6/16/97, replication of some of the masters will be completed. The replica surfaces will be

characterized at Brookhaven using the same techniques that were used on the master

surfaces. The tests will include both optical interferometry and AFM microscopy in order

to characterize surface roughness at the spatial frequencies that scatter X-rays. Multilayer

coatings will be deposited on the replicas and on those master surfaces which have not

been replicated.

We are presently scheduled to perform X-ray scattering tests at Argonne National

Laboratory between June 2 and June 14. This run will be different from our previous

synchrotron experiences in that we will have use of the beam for only 8 to 12 hours per

day for two weeks. Our experimental setup will remain in place for the entire period and

the beam will be intercepted in another hutch closer to the synchrotron than ours, when

we are not observing. In all our previous measurements at synchrotrons, we have had

four or five days to occupy the hutch, set up our experiment, align it to the beam, make

our measurements, and get out. The new arrangement will allow us to use our beam time

much more efficiently.

PROGRAM STATUS

At this time the program appears to be six to eight weeks behind schedule. At the

present contract termination date of June 16, 1997, tasks 6 and 7, the replication and

testing of the multilayers deposited on the masters, will not be complete. These tasks will

be carried out under a different program. After X-ray testing of the multilayer coated

masters at Argonne National Laboratory, they will be returned to Northwestern for the

electroforming of support surfaces on top of the multilayer coatings. The multilayers and

their supports will then be separated from the masters. These multilayer coated "replicas",

will then be examined both optically and in X-rays during the summer and autumn of

1997, under a subcontract to Radiation Science from Northwestern University under a

grant from the NASA High Energy Astrophysics Branch at no further cost to this

contract.
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ABSTRACT

The development of X-ray optics for astrophysical investigations in the 40-100 keV energy

range is extremely important. In this energy range_ a focusing system is necessary to resolve

crowded regions, to improve sensitivity, and to provide the deep sky images necessary to make

the next great step forward in this field. Such a step was ably demonstrated by the Einstein

and ROSAT observatories. These systems used grazing incidence optics, and, as is well known,

the critical angle of reflectivity decreases linearly with energy for ordinary metal surfaces which

adversely impacts on the design of a focusing system for higher energy X-rays. At least 3

parameters are negatively affected: (a) the field of view is decreased; (b) the projected area of

an individual mirror element is decreased; and, (c) the focal length for a fixed diameter system is

increased. In order to counter these effects, mirrors coated with multilayers have been designed.

It is theoretically possible to increase the grazing angle by coating the mirror surface with a

graded d-spacing. The ability to produce a coated mirror with close to theoretical performance

is, however, technically challenging. We describe our approach to the fabrication of a system

designed for the 40-100 keV range that is based on electroforming technology. We also describe

some of the general considerations that must be taken into account when fabricating a viable
mirror.

Keywords X-rays, Multilayers, Wolter I, Coatings

1. INTRODUCTION

The motivations for developing Wolter I-type optics with multilayer spacing are many. For

astronomical purposes the multilayers allow us to make studies that are not possible without

a focusing system. For example, crowded regions such as the galactic center demand focusing
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optics, and so do deepsky observationswith high sensitivity. Imaging of non-thermal X-ray
sourcessuchassupernovaremnantsalsoneedsthe combinationof resolutionand sensitivity that
only focusingoptics canprovide. Seealso refs. 1 & 2 for discussionsof the sciencethat canbe
done with focusingoptics in hard (40-100keV) X-rays.

The first issue to addresswasdesigning the multilayers and testing them by themselves.
Work by Joensenet al. (ref. 3, and referencestherein), Christensenet al.4 and Krieger et
al.5 has demonstrated that gradedd-spacing multilayers are capableof providing substantial
improvementsin the high energyreflectivity of X-ray mirrors.

The key requirement of the astrophysics is that the multilayers be placed on the inside of a

Wolter I optic and that this should be between 2 and about 20 cm in diameter. These diameters

are too small to deposit multilayers via typical sputtering techniques. In order to meet this

requirement, we need an innovative fabrication technique, which is electroforming. Before the

electroforming is done, multi.layers are deposited on an electroforming master, and, as long as

a proper buffer/release agent is on the master, the multilayers will release from the master and

stick to the electroform. This method has been successfully used by our group and others to

produce nickel mirrors that are coated with gold on the inside. Note that, although there are

other possible geometries to use for X-ray optics besides the Wolter I type (cf. ref. 3, 4), the

advantage of using such a system is that it provides the best chance of producing an angular
resolution of better than 1 arc-minute.

The basic requirements of an X-ray optic are: (1) the surface must be smooth on a 3/_ scale

so as to minimize scattering effects; (2) the graze angle at which reflection takes place must be as

large as possible to optimize the field of view and collecting area; (3) the finished product should

be an optic that can be aligned and mounted as easily as possible; and, (4) the production costs

of the individual X-ray reflecting segments (or mirrors) must be as low as possible, as it is likely

that deep nesting and/or many modules will be required (at least for astronomical purposes).

The basic material requirements for the repfication process are: (1) the mandrels should have

as smooth a surface as possible, i.e., in the 3]k range; (2) the surface must be durable so as to

allow for multiple copies; (3) the surface of the mandrel should allow for the uniform deposition

of the multilayers, yet these surfaces must release the multilayers when the replicated mirror is

removed; (4) the multilayers must adhere to the mirror surface; (5) the multilayers must remain

intact throughout the entire production process; and, (6) the stresses built up by the multilayer

deposition should not measurably deform the mirror.

As we demonstrate below, we believe we have an approach which can address all of the

requirements successfully. However, we have alternative methods and approaches we will follow,

if necessary, so that the end result of this project will be to have established the viability of a

technology for producing Wolter I-like 40-100 keV optics.



2. REVIEW OF PREVIOUS WORK

As noted above, Joensen et al. a have discussed recent work done to study the fabrication of

multilayer-coated mirrors. They had several concerns: (1) the smoothness of the substrate on the

nano-meter scale; (2) the deformation of the mirror due to stresses built up by the multilayers;

(3) the use of materials other than nickel (or steel) for the electroform master surfaces; (4) the

difficulty of electroforming flats; and, (5) the use of a buffer agent on the electroformed master
surface.

We are using techniques that will smooth the master on the nano-meter scale down to 1.5/_

(see CN_-coating discussion below). For the master fiats, on the micrometer scale the roughness

should be below 2Jr, and currently we have electroformed gold-coated flats that on the micrometer

scale are as smooth as 3]k. These numbers compare favorably with those produced by Joensen

et al. 3 (10-30_ for the nano-meter scale and 6-13/_. for substrates on the micrometer scale).

The deformation of the mirror due to stresses is handled by choosing the materials so that

differences in CTE are minimized. It should be noted that the NiC layers used by Joensen et

al.3 did not produce a prohibitively high stress as long as the sputtering rate was controlled.

Materials other than nickel have been used successfully. We have replicated our ultra-smooth

(<3__ rms roughness) electroforms from materials such as sapphire and CVD SiC 6. Furthermore,

we have demonstrated that Ni has approximately the same adhesion to our electroform master

surface (CN_) as gold does to the sapphire and CVD SiC and, therefore, we anticipate being able

to fabricate extremely smooth multilayer-coated replicas. Producing electroformed flats has not

been a problem for us, as we have made over 2 cm pieces flat to at least a quarter of a wave.

Finally, we note that Joensen et al.a unsuccessfully used a carbon coating on the electro-

formed master both for smoothing and as a release agent. Based on previous CNx-coating work

(described below), and from successful electroforming using sapphire and CVD SiC, we are con-

fident that we have found a good buffer/smooth coating in CN_ that will provide the proper

release in the electroforming process. Also, work at Northwestern explicitly compared at least

some carbon coatings with our CNx coatings, and demonstrated that the CNx coatings are indeed
smoother.

Both Joensen et al.a and White et al.2 have remarked that NiC (versus SiW) is necessary to

make multilayers for use in the energy range above about 69 keV. As was shown by Krieger et

al.s, however, it is possible to design multilayers with tungsten that works above the tungsten

K-edge. The d-spacing design is different from that used to obtain optimal reflectivity below 69

keV. But as these coatings would only be used on the inner mirrors of a nested set, the design

does not affect the overall performance of the mirror set. Therefore, it is possible to design a

multilayer-coated mirror system that operates out to 100 keV but all the mirrors are coated with

SiW.



3. TECHNICAL APPROACH

3.1. Overview

It has been clear for many years that there was a requirement in X-ray astronomy for a

focusing system that worked to as high an energy as possible. After a great deal of thought

as to the best method of filling this demand, the consensus seems to be that Wolter I optics is

to be preferred over both Baez-Kirkpatrick and conical foil designs (cf. ref. 3; also ref. 7; but

see White et ai.2, who propose the possibility of using foils). Thus, here we only consider the

fabrication of Wolter I optics.

We would like to produce multilayer-coated electroformed nickel mirrors capable of reflecting

40-100 keV X-rays using carbon nitride-coated electroless nickel/aluminum masters. The sub-

strafe material for the mandrel was chosen for two reasons: (1) the electroless-nickel/aluminum

combination is an industry standard from which ultra-smooth mandrels are fabricated at rea-

sonable cost in a variety of shapes (flats, spheres, Wolter I, etc.); and, (2) aluminum has a high

coefficient of thermal expansion which enables replica removal through differential contraction in

liquid nitrogen. Carbon nitride is a relatively new material whose advantages in this application

are threefold: (1) it has a hardness nearly equal to that of diamond and will therefore protect

masters through multiple replication operations and virtually eliminate the need for repolishing;

(2) it can reduce the high-frequency roughness of the underlying substrate; and, (3) it provides

a surface that has the necessary adhesion properties for the multilayer/electroforming process.

Below we describe the main technologies and design issues in more detail.

3.1.1. Power Law Multilayers In the design of visible light multilayers and neutron super

mirrors, if absorption is neglected, and if the number of layers in a multilayer becomes very

large, di, the period of the ith layer, is equal to dvi -°as, where de is the period corresponding

to the critical energy at the angle of the multilayer. In cases where i is not large and absorption

is not negligible, this formula must be modified, but it remains a good place to start for a

multi-parameter design.

Joensen et al.s have used the formula di = a(b - i) -c. They obtained their best results with

c = 0.27. In all cases, they used equal thicknesses of both materials in their bi-layers. Theo-

retical considerations (see ref. 9) indicate that, in cases involving absorption, better reflectivity

is obtained for lesser thicknesses of the high-Z material. Radiation Science has designed and

tested depth-graded multilayers for the range 20 to 70 keV 5 using this formula. The multilayers

behaved as expected; showing more or less constant refiectivity (with oscillations) for energies

less than the tungsten K-edge at 69.5 keV.

As an alternative approach, we considered families of multilayers satisfying the general for-

mula above with values of the constant c between 0.25 and 0.30. Instead of using equal thicknesses

of both the high-Z and low-Z materials in each bi-layer, we specified the thickness of the high-

Z layer to be 9/_. This is the minimum thickness for uniform depositions of high-Z elements.

For each family of multilayers, we specified a (varying) number of periods to be generated with



thicknessesbetweendrain and d,n_. We used values of drain and dm_ which extended over larger

ranges than the range of equivalent constant periods for the minimum and maximum energies.

The constants a and b were chosen to satisfy these conditions, and the multilayers were gener-

ated from the formula. As expected, we found that better reflectivity could be expected from

multilayers designed with minimum W thickness and slightly larger values of the constant c.

3.1.2. Carbon Nitride Coatings Carbon nitride thin films are synthesized using dc un-

balanced magnetron sputtering of a high-purity graphite target in a nitrogen-containing plasma

onto various substrates kept at ambient temperatures. The N/C ratio was found to vary from

0 to 0.8 depending on deposition conditions. There was evidence of multiple bonding states for

carbon and nitrogen (sp, sp 2, and sp a) and the bulk of the film was found to be amorphous.

Nano-indentation studies showed that under appropriate substrate-bias conditions, the carbon

nitride coating hardness can be enhanced to levels (25-30 GPa) well above that of conventional

amorphous hard carbon coatings. CN_: coatings replicate the substrate topography, giving rise

to surface roughness equal to or lower than that of the original substrates. To demonstrate

the durability of these coatings, we note that lubricated tribotesting showed the relationship

between wear performance and deposition conditions. Under pure sliding in air, the CNx coating

provides a 30-fold reduction in wear rate for M2 steels (compared with uncoated M2) under

our testing conditions. Pin-on-disk wear testing of ultra-smooth magnetic thin-film disks with

5 nm CNx overcoats showed three- to four-fold improvements in contact durability compared to

amorphous-carbon-coated disks.

We noted in our earlier investigations that CNx coatings appear to replicate the substrate

topography. In applications such as protective overcoats for computer hard disk surfaces, it is

imperative that such overcoats be as smooth as possible. We sputter-etched away the original

amorphous-carbon-coating from 95ram-diameter ultra-smooth nichrome-coated hard disks. Then

using nichrome-coated disks as starting substrates, we deposited 5 nm-thick CN_: coatings under

a total (argon + nitrogen) pressure of 4 mTorr_ 0.2 mTorr nitrogen, 1.0 kW target power and

-250 V pulsed dc substrate bias. We used AFM to measure the rms surface roughness _r over

scan areas of 500 nm x 500 nm. The ar for amorphous-carbon-coated substrates was found to

be 0.63 + 0.05 nm, while that for CN_-coated surfaces averaged 0.25 4- 0.05 nm.

The difference may be related to the use of nitrogen. During deposition, the growing film

(carbon being the major component) is constantly bombarded by species in the plasma. Since

the atomic mass of nitrogen is closer to that of carbon than that of argon, momentum transfer is

more efficient with nitrogen. Therefore, any hillocks or rough features formed on the growing film

can be more efficiently removed by nitrogen bombardment, which results in the smooth surface

morphology.

The above was taken from published work 1°, however, further work has shown that it is possi-

ble to reduce initial nichrome-coated surfaces from about 10/_ (1 nm) to 1.5/_ (0.15 nm) with the

ON, coating. Therefore, CN,-coated substrates can be made extremely smooth, smoother than

those coated with amorphous carbon. We will, therefore, use this technology to our advantage

in this current project.



3.2. Replication Technology

The electroforming work is performed by the electroform optics group at Northwestern Uni-

versity. This system consists, in part, of a 380-L polypropylene electroplating tank, a 38-L

auxiliary tank used for continuous low voltage electroplating (for purification and stress reduc-

tion), and a 420-L tank used for treatment and storage. The tanks are interconnected through

transfer pumps and filters. A 5500 L/hr pump/filter system is used to continuously filter and

agitate the bath. A 4500 L/hr in-tank filtration system is used for skimming, additional agitation

and filtration, and occasional activated carbon treatment. An in-tank heater maintains the bath

temperature at 125 ° F. The pH is continuously monitored and automatically controlled to 4.0 +

0.05. An automatic filling system replaces water lost to evaporation.

To avoid excessive thickness at the edges and non-uniform stress, mandrels are held in mounts

designed to minimize electric field variation and are generally rotated at 40 rpm. To avoid

"burning" substrates with relatively thin conductive layers, current can gradually be increased

over several minutes to that required for zero stress.

Flat replicas can generally be removed directly from masters. However, mirrors with cylindri-

cal symmetry and shallow graze angle generally require differential contraction in liquid nitrogen.

In the latter case, the mirror assembly is drained, rinsed, transferred to an insulated container,

and chilled in liquid nitrogen. By turning a threaded shaft, the mirror is guided away from the

mandrel. (The mirror does not rotate during this process; the shaft also prevents the mirror

from scraping against the mandrel.) The mirror and mandrel are rinsed and blown dry. The

mandrel is allowed to reach room temperature, solvent-cleaned, and prepared for next use.

3.3. Coating, Buffer Layers, and Replication

We have found that Ni works as a release agent from the CNx coating, and we have plans to

experiment with other materials as well.

Supposing that the surface smoothness of the curved surfaces of the mandrels made with

electroless nickel over-coated with CN= is just not good enough; there exist several possible

solutions. First, we could use CVD SiC coating on metal substrates, and have the CVD SiC

polished. If we were to use solid CVD SiC, these mandrels would be much more expensive

than electroless nickel-coated A1 mandrels, so we would like to avoid this approach, but it is

another possibility. Yet another possibility is to use a 2 micron layer of CN_ and to have this

surface polished. CN_ is nearly as hard as diamond and has already been shown to produce 1.5/_

smoothness on the nano-meter length scale. Therefore we expect that polishing CN= is another

possible solution.

Our conclusion is that there are possible solutions to difficulties that might arise related to

the coatings and buffer layers/release agents necessary to produce multilayers on the insides of
mirrors.



4. SUMMARY AND CONCLUSIONS

As noted in the introduction, there are many astrophysical investigations that would benefit

from the development of Wolter I-type optics made with multilayer coating. The concept is rel-

atively simple: place multilayers on an electroform mandrel, electroform over it, and remove the

electroformed mirror with the multilayers intact on the inside of the mirror. Making the concept

in a cost effective manner, however, is a relatively elaborate process and is truly a model of in-

terdisciplinary research: optical fabrication for making the mandrel, super hard/smooth coating

technology to protect the mandrel surface and to make it smooihe,', chemistry and electronics to

design an electroforming bath that produces stress-free electroforms, multilayer deposition tech-

nology, X-ray physics to design the multilayers and to characterize the multilayer performance,

and optical profiler and atomic force microscopy surface characterization to provide a quantita-

tive understanding of the mirror's performance versus surface quality. We have assembled this

expertise and initial design studies have been made. Based on progress to date, we expect that

it will be possible to fabricate viable Wolter I optics for hard X-ray astronomy within the near
future.
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ABSTRACT

As part of a project to develop methods of placing highly reflective multilayer coatings on

the inside of Wolter I mirrors, we have been pursuing a program of measuring flat mirrors.

These flats have been produced and examined at various stages of the process we plan to use to

fabricate multilayer coated Wolter I mirrors. The flats were measured via optical profiler, AFM,

(both done at Brookhaven National Lab) and X-ray reflection (done at the Argonne National

Lab (ANL) Advanced Photon Source (APS)). We report for the first time, to our knowledge,

the successful placement of multilayers on an electroform by depositing the multilayers on a

master and then electroforming onto this master and removing the multilayers, intact, on the

electroform. This process is the one we plan to use to place multilayers on the inside of Wolter

.T optics
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1. INTRODUCTION

In a separate paper 1, we have reported a process we are developing to produce Wolter I X-ray

mirrors coated with multi.layers. As part of this program we have fabricated several test flats.

We measured these with a Micromap 512 profiler (simply referred to as Micromap below), an
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atomic force microscope(AFM), and with an X-ray beam at the Argonne National Laboratory
Advanced Photon Source.Here we report the resultsof our work.

The ultimate goal of our researchis to perfect the fabrication of Wolter I optics with mul-
tilayers for as low a price as possible. This will allow us to producecost-effectiveX-ray optics
for both astrophysical and laboratory uses.The results we report here, however,are simply to
demonstrate a proof of conceptof the technologyby demonstrating that electroformingcan be
used to produce the desiredoptics. No attempt was made to optimize the performance of the
samples.

2. SAMPLE DESCRIPTION

Because we were only performing the simplest proof of concept study, we used flats that were

left over from previous projects. As such this se.¢ of sample is not homogenous, but the result was

that we explored a range of substrates and surface qualities. We had 2 aluminum substrates: one

2-inch diameter 0.5-inch thick, the other 1-inch diameter 0.25-inch thick. These were coated with

about 5 mils of electroless nickel and initially polished to sub 1 nm roughness. These samples had

an additional hard protective coating made up of a 200 nm thick, approximately 10 nm period

multilayer of ZrN and amorphous CN_ followed by about 20 nm of CN_. Then they were over

coated with Si/W X-ray multilayers. We also used 2 ceramic pieces about 2 mm thick that we

over coated with vacuum vapor deposited gold and then coated with X-ray multilayers. Finally

we coated a 1.5-inch electroformed flat that is about 1 mm thick with X-ray multilayers. These

multilayers were all 100 periods of W/Si with W being the initial layer and Si the final layer.

The prescribed thickness of each W layer and each Si layer was 3nm.

The X-ray multilayers described above were deposited by Atklnson Thin Film Systems of

Hudson, NH. The deposition technique was DC magnetron sputtering in a 4 mtorr atmosphere of

argon. The temperature of the substrates was kept below 100 C and the samples were translated

between apertures in front of the Si and W sputtering targets.

Just prior to the submission of this for publication, we were able to make X-ray measurements

on one more sample. This sample was made by first depositing about 40 nm of gold on top of

a 2 inch diameter, 2 mm thick sapphire disk. Then 40 periods of about 1.3 nm of W and 1.3

nm of C were deposited on top. These were made at ANL, the elements were DC sputtered, the

sample (Au plus sapphire) was kept a room temperature and the argon atmosphere was kept at

about 2.6 mtorr. Then, an adhesion layer of Cr and Cu was evaporated. Each layer was about

50 nm thick. Finally this sapphire, Au/W/C/Cr/Cu piece was placed in an electroforming tank

for about 1 day and Ni was electroformed onto the Cu surface. Then the sample was removed

from the bath and the electroform was removed from the sapphire. Visual inspection showed

that all the layers successfully released from the sapphire to produce proof of concept of making

Wolter I mirrors in this fashion. The X-ray measurements of this sample are reported below.



3. X-ray MEASUREMENTS

3.1. GENERAL DESCRIPTION

We used an upstreammirror to act as low pass filter to prevent energiesmuch higherthan
about 33 keV from reaching the sample, which is mounted on a Huber diffractometer. The
distance betweenthe upstream slit and the Huber stagethat held the sampleswasabout 5 m
and the distancefrom the sampleon the Huber to the detectoron the Huber two-theta arm was
about 0.8 m. The detector was NaI. The Si 111 crystals in the double crystal monochromator
were deliberately tuned to reflect both lines at 10keV (first order) and at 30keV (ttfird order).
Two distinct voltage windows were set up to count separatelythe pulses from the 10 and 30
keV photons. The 10 keV data were collectedmainly asa crosscheck that the correctenergy
dependencefor reflectivity wasobserved.Oncewe determinedthat we understood the response
of the mirror and the detectors,weplaceda filter in the systemthat blocked the mostof 10keV
flux. We thereforeonly discuss30keV measurements,exceptfor the onesample(seebelow)that
wascreated and testedjust as this article wasbeing completed.

The sampleand axisof rotation werecenteredon the X-ray beam. We verified in eachcase
that this wasdonecorrectlyasthe fall onof specularreflectionwith angleoccurredat the correct
absolute angleto within about 0.02degrees.

We made two types of measurementson the samples: "theta/two-theta" scansthat rotate
the detector twice as far as the samplerotates relative to the beam. Alternatively weset the
mirror angle to reflect at a multilayer peak and then scannedthe "two-theta" arm to measure
the angular spreadof the reflectedbeam. The height of the X-ray beam was definedby a slit
down stream from the monochromator. The height wasabout 100 microns high and about 1
mm wide. The detector slit wasset at 1 mm wide for the theta-two theta scanssoasto measure
the integrated reflectedbeamand the detector slit wasset to 100mirrors for the angularspread
measurements.

Below we present a plot of a few of the samplesthat we measured. The most significant
results are the measurementsmadeon our most recent sample. This samplewas the one made
via the intact removalof multilayers onto anelectroform.
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Figure i: A theta-two theta scan of the sample that we made via electroforming onto multilayers

and then removing the multilayer with the electroform.
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Figure 2: Left: theta/two-theta scan of an electroformed nickel "flat" (nearly flat) upon which

multilayers were deposited. Bight: A scan of the reflected beam with the mirror set to the angle

of the multilayer peak at about 0.25 degrees seen in the figure on the left.
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Figure 3: Left: theta/two-theta scan of an SiC "fiat" (nearly fiat) upon which multilayers were

deposited. Right: A scan of the reflected beam with the mirror set to the angle of the multilayer.

peak about 0.25 degrees seen in the figure on the left.

4. DISCUSSION

4.1. X-ray results

The most important and new aspects of this work are the X-ray results shows in Figure 1 and

how they relate to the prospects for producing Wolter I optics with enhanced energy coverage,

increased field of view, and reduced focal length by the application of multilayers.

The X-ray results shown in Figure 1 are based on X-ray refiectivity from our sample that was

made by the intact removal of multilayers onto an electroform. In Figure 1 we see two multilayer

peaks, one at about 0.5 degrees for 30 keV and the other at 10 keV at about 1.5 degrees. These

are consistent with a model of 40 layers of W/C with total layer thickness of 2.45 nm and a

gamma of 0.4, which is dose to the initial request of d = 3 nm and gamma = 0.5.

The peak in the 10 keV scan near 0.35 degrees is not yet completely understood. There

are so many different material layers in this sample, however, that it is entirely possible that

some combination of these layers is giving rise to the "interference effect" or peak seen near

0.35 degrees. For example, there are several other interfaces: an Au/W interface at the top of

the piece; a W/Cr interface at the bottom, a Cr/Cu at the bottom; and, a Cu/Ni interface at

the bottom. Some preliminary modeling of the 10 keV refiectivity by different single bi-layer

combinations indicates that it is possible to obtain a feature for 10 keV reflectivity similar to

that seen near 0.35 degrees in Figure 1. And, it is exciting to notice that there is the prospect

for enhancing the reflectivity of mirrors at 10 keV all the way out to 1.5 degrees. Similarly, the

30 keV peak demonstrates the possibility of obtaining an increase in factor of 5 in angle over the

putative 0.1 degree critical angle for a bare (no multilayers) Au surface.

In Figure 2 which is the result of multilayers evaporated onto an electroform, we see two



multilayer peaks at about 0.25 (primary) and about 0.38 (first harmonic) degrees. For comparison

we show results from our best flat piece in Figure 3. Here we see one multilayer peak at about

0.25 degrees. The positions of these peaks are consistent with a model in which there are 100

multilayers, 6 nm deep with a gamma of about 0.45. This is close enough to what was requested

for tke multilayer deposition (gamma=0.5, total size of one period, W/Si inclusive, of 6 nm) as

to be quite reasonable.

Evaporation of multilayers on electroforms was not expected to be too difficult as others 2 have

demonstrated that it was possible to deposit multilayers on epoxy coated aluminum foils and

multilayers had been deposited once before on one of our electroforms a. But a direct deposition

technique does not allow the fabrication of multi.layer coatings on the inside of Wolter I optics

unless the optics are about a meter or more in diameter to allow for the uniform deposition of the

multilayers. Or, if smaller mirror diameters are to be combined with direct multilayer deposition,

then the mirror must be only a fraction of a complete conic of revolution. Usually about one

quarter of the complete 360 degrees of revolution is used 4's. Then these "shells" will need to be

assembled into a pseudo-Wolter I optic 4'5. Thus, our demonstration that it is possible to remove

mnltilayers from a master onto a Ni via electroforming is real breakthrough in technique, as this

means that it will be possible to produce relatively small and low cost Wolter I (or optics of

similar geometry) X-ray super mirrors.

4.2. NON X-RAY EVALUATION

In order to fabricate high performance X-ray optics, quality control is important and related

to this aspect of X-ray mirror fabrication we discuss in this section results of the surface quality

as measured via the Micromap and AFM, and how they predict the performance of the X-ray

results. We first begin with a summary of the Micromap (and in two cases AFM) measurements.

All the substrates were measured prior to being coated with multilayers. Time did not permit

us make Micromap measurements after the mnltilayer deposition. In addition to the Micromap,

AFM measurements were made only on the 2 aluminum/electroless nickel substrates. For these

two pieces, Micromap results differ significantly, but AFM results do not. Below we discuss the

comparison of the X-ray measurements with the Micromap measurements. In Table 1 below we

provide a summary of the Micromap measurements on our samples. Micromap measurements

were made before and after the CNxZrN coated Ni/A1 samples were over coated with about 50

nm of Ni (to be used as a release agent). Thus the Ni/A1 pieces are listed twice in Table 1.



Table 1: Summaryof Micromap Measure-
ments. Contour is the root mean square
deviation from on a surfacecontour, and
Ra is the RMSof thedeviationsfrom a two
dimensional profile from the averageplane.
Both numbers are based on averaging over

a 3.25 mm by 0.8 mmarea. A 2.5xob-

jective was used. To describe the samples,

we list the elements (or materials), from

right to left, starting from the surface and

ending with the bottom substrate.

Sample Contour

CN_/ZrN/Ni/A1, 1" din.

Ni/CN=/ZrN/Ni/A1, 1" dia.

CN=/ZrN/Ni/Ni/AI, 2" din.

Ni/CN=/ZrN/Ni/A1, 2" din.

Au, sapphire, 2" din

Au, CVD SiC 1" sq.

Au, Ni electrofm., 1.5" dia.

aa

0.97 nm 0.71 nm

1.07 nm 0.81 nm

1.07 nm 0.82 nm

1.21 nm 0.84 nm

0.27 nm 0.28 nm

0.45 nm 0.31 nm

0.79 nm 0.63 nm

In a previous SPIE proceeding it was suggested 8 that AFM measurements were necessary

and sufficient to predict the X-ray reflectivlty characteristics of X-ray mirrors. This previous

work also reported WYKO (another brand of optical profiler) measurements made Mth a 20 x

objective and the PDS of the WYKO was indeed quite disparate from the AFM PDS (c.f. their
Figure 6). In contrast, our Figure 4 (shown below)
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Figure 4: Micromap measurements and AFM measurement of sample the 2 in. nickel sample in
Table 1.



with a restored PDS shows how the Micromap data give better coverage and comparable

amplitudes to those of the AFM in the critical 5 × 10 -2 to 5 x 10-1(m/z) -1 frequency domain.

We suspect the reason for the disparate AFM and WYKO results in this previous work 2 was

because for the WYKO results, they did not use a restored PDS. We suggest, therefore that

Micromap measurements are valid for evaluating the surface quality of X-ray mirrors and we

provide further evidence for this below.

With multilayers added to the surface, there is an extra requirement on surface smoothness

besides the standard grating equation and scattering dependence of surface quality. This is that

the quality of the multilayers is generally affected by the surface upon which they are deposited,

though at least one group s suggests that it is possible to produce effective ion polishing of

the substrate by polishing the intial layers of the multilayers with Kr + ions. And another

group r suggests that certain multilayer combinations are self-planarizing. No special treatment

was applied to our multilayers, however, and comparison between X-ray measurements and the

Micromap results can be used to judge how the quality of our multilayers was affected by the
the substrate smoothness.

Time did not permit detailed calculations based on the Micromap results to compare with our

X-ray measurements. We did, however, perform two comparisons between the X-ray results and

the Micromap measurements which demonstrates a correlation between the average Micromap

measurements (c.f. Table 1) and the X-ray performance of multilayers. Both techniques are

susceptible to errors in the macro figure error and alignment with the X-ray beam so that the

correlations could be masked by systematic effects. The Micromap measurements of those pieces

listed in Table 1 indicate, however, that the radii of curvature of these flats were large. They

ranged from kilometers to tens of meters as measured over mm portions of the flats. And,

the general trend in Figure 5 is certainly consistent with the hypothesis that the Micromap

measurements are sufficient for predicting the behavior of multilayers.
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values). Right, FWHM of the same multilayer peak versus the Ra of the samples.



5. SUMMARY AND CONCLUSION

We have shown, for the first time, that it is possible to remove multilayers intact from a master

onto an electroform and we conclude that the outlook is bright for applying this technique to

the fabrication Wolter I super mirrors.

We also find that it is possible to obtain good performance from multilayers deposited on

ceramics as well metal surfaces including both originally polished ones and one produced via

electroforming replication.

In order to quality control the process, we find that the Micromap profiler measurements on

the substrate prior to the deposition of the multilayers are good predictors of the performance of

the multilayers. The specific process we used to electroform onto a multilayered master was the

simplest one we could devise, as we knew that Au releases from sapphire when we electroform on

the Au sapphire combination. We used about 40 nm of gold because we knew that this amount

of Au makes smooth surfaces. Much thinner depositions at room temperature (the temperature

used here) could lead to the formation of 'islands" which would make the surface too rough for

the effective deposition of functional multilayers.

We are now in the process of perfecting the deposition of smoother release layers that are less

absorbing. We will include both Au on a heated substrate, Ni, and other materials. We also will

advance this technique to metal masters that have been coated with a smoothing and protecting

agent such as CN_.

Further improvements to the technique we plan to make are to improve the surface quality

upon which the multilayers are deposited and to improve the quality control and handling of the

electroformed pieces. When all these improvements are made, we fully expect to achieve angular

resolution below 1 arc minute and we do not rule out resolution in the arc second range.
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